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ABSTRACT
I n  t h e  p r e s e n t  d i s s e r t a t i o n  an e f f o r t  h a s  heen  made to  
d e v e l o p  a m a t h e m a t i c a l  s i m u l a t i o n  o f  t h e  b r u s h l e s s  s y n c h ro n o u s  g e n e r a t o r  
f o r  v o l t a g e  r e g u l a t i n g  s y s te m  s t u d i e s .  Th i s  r e p r e s e n t a t i o n ,  which  i s  
p a r t i c u l a r l y  s u i t e d  t o  a d i g i t a l - a n a l o g  s i m u l a t o r  p ro g ra m ,  i n c l u d e s  
v a r i a b l e - s p e e d  o p e r a t i o n ,  v a r i o u s  v a l u e s  o f  t r a n s m i s s i o n  l i n e  p a r a m e t e r s  
when c o n n e c t e d  as  a l o a d  and d i f f e r e n t  l e v e l s  o f  i n f i n i t e  b u s - b a r  v o l t a g e .
I l l
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IINTRODUCTION
1 .1  Review
A new ty p e  o f  e x c i t a t i o n  s y s te m  h a s  b e e n  d e v e l o p e d  f o r  u s e  
i n  u t i l i t y  i n d u s t r y  i n  which  t h e  c o l l e c t o r ,  t h e  c o l l e c t o r  b r u s h e s  t h e  
com m uta to r  and t h e  com m uta to r  b r u s h e s  c a n  be  e l i m i n a t e d .  P r e s e n t  d e v e l ­
opment  i n  b r u s h l e s s  e x c i t a t i o n  can  be t r a c e d  b a c k  t o  a b o u t  t e n  y e a r s ,  
when t h i s  s y s te m  was u s e d  i n  a i r c r a f t  v o l t a g e  r e g u l a t o r s .  T h i s  s y s te m  
c o n s i s t s  o f  an a . c .  e x c i t e r  w i t h  a s e t  o f  r o t a t i n g  r e c t i f i e r s  mounted on 
t h e  main  g e n e r a t o r  s h a f t .  U s u a l l y  t h e s e  r e c t i f i e r s  a r e  m ounted  on t h e  
c o o l i n g  f a n  o f  t h e  g e n e r a t o r  w h ich  p r o v i d e s  an e x c e l l e n t  h e a t  s i n k  f o r  
t h e  r e c t i f i e r .  The r e c t i f i e r s  a r e  s u p p l i e d  w i t h  a . c .  power f rom t h e  
a . c .  e x c i t e r  t h r o u g h  t h e  h o l l o w  s h a f t  o f  t h e  g e n e r a t o r .  The t r a n s m i s s i o n  
o f  power t o  g e n e r a t o r  f i e l d  i s  t h u s  a c h i e v e d  w i t h o u t  h a v i n g  any b r u s h  
g e a r .
S e l e n i u m  r e c t i f i e r s  were f i r s t  t r i e d  a t  3600 R.P .M. t o  f u r ­
n i s h  t h e  a . c .  e x c i t a t i o n  r e q u i r e m e n t s  f o r  l a r g e  g e n e r a t o r s  b u t  t h e i r  i n ­
a b i l i t y  t o  do so d e l a y e d  t h e  a p p l i c a t i o n  i n  t h e  e l e c t r i c  u t i l i t y  i n d u s ­
t r y .  However s i l i c o n  d i o d e  r e c t i f i e r s  have  s i n c e  b e e n  t e s t e d  and  fo u n d  
t o  be i d e a l  f o r  t h i s  a p p l i c a t i o n .
V a r i o u s  t y p e s  o f  e x c i t e r s  have  b e e n  u s e d  t o  m ee t  t h e  r e q u i r e ­
m en t s  o f  e x c i t i n g  t h e  f i e l d  o f  l a r g e  t u r b o - g e n e r a t o r s .  D.C.  r o t a t i n g  
t y p e  e l e c t r o n i c  e x c i t a t i o n ,  and i n  some c a s e s  e x t e r n a l  d r y  t y p e  r e c t i f i e r s  
have  been  u s e d .  I n  a l l  t h e s e  c a s e s  power must  be t r a n s f e r r e d  f rom  t h e
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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d e v i c e  t o  t h e  f i e l d  o f  a . c .  g e n e r a t o r  which  r e q u i r e s  c o l l e c t o r  r i n g s  and 
b r u s h e s .  The d e s i g n  o f  l a r g e  c a p a c i t y  c o l l e c t o r  r i n g s  becomes more d i f ­
f i c u l t  a s  t h e  power to  be t r a n s f e r r e d  becomes l a r g e r .
C o n s e q u e n t l y ,  improvement  i n  r e l i a b i l i t y  o f  t h i s  new e x c i t a ­
t i o n  s y s te m  p r o v i d e s  v a r i o u s  a d v a n t a g e s .  The sy s te m  i s  f r e e  f rom c a r b o n  
d u s t  and m a i n t e n a n c e  o f  i n s u l a t e d  p a r t s  i s  m a t e r i a l l y  im prove d .
1 .2  Sys tem
The f u n d a m e n ta l  components  o f  t h e  b r u s h l e s s  e x c i t a t i o n  sy s te m  
a r e  shown i n  b l o c k  d i a g r a m  form  i n  F i g .  1 .  The s o l i d  l i n e  c o n n e c t s  t h e  
m a j o r  s y s t e m  components  and d a s h e d  l i n e  i n d i c a t e s  f e e d  b a c k  p a t h  t o  im­
p r o v e  t h e  s t a b i l i t y  and p e r f o r m a n c e  o f  t h e  r e g u l a t i n g  s y s t e m .  The p r i ­
mary p u r p o s e  o f  t h e  r e g u l a t i n g  s y s t e m  i s  t o  m a i n t a i n  a s t a t i c  r e g u l a t i o n  
o f  g e n e r a t o r  t e r m i n a l  v o l t a g e  w i t h i n  0 . 5 ^  o f  p r e s e t  v a l u e .  Moreover  t h e  
s y s te m  s h o u l d  r e c o v e r  r a p i d l y  and w i t h  h i g h  d e g r e e  o f  s t a b i l i t y  t o  e x t e r ­
n a l  t r a n s i e n t  d i s t u r b a n c e s  l i k e  sudden  c h a n g e s  i n  l o a d ,  s h o r t  c i r c u i t  and 
so o n .  The g e n e r a t o r  t e r m i n a l  v o l t a g e  i s  c o n t i n u o u s l y  m o n i t o r e d  by a 
p o t e n t i a l  t r a n s f o r m e r  and r e c t i f i e d  t o  g i v e  a d . c .  s i g n a l .  I t  i s  compared  
w i t h  r e f e r e n c e  v o l t a g e  s o u r c e  i n  e r r o r  e l e m e n t .  The e r r o r  s i g n a l  i s  am­
p l i f i e d  and a p p l i e d  t o  t h e  f i e l d  o f  a . c .  3cp e x c i t e r .  The e x c i t e r  t e r m i n a l  
v o l t a g e  i s  r e c t i f i e d  by 3 p h a s e  r o t a t i n g  s i l i c o n  r e c t i f i e r  f u l l - w a v e  
b r i d g e ,  t h e  o u t p u t  o f  which  e x c i t e s  t h e  s y n c h ro n o u s  g e n e r a t o r  f i e l d .
T h i s  c o m p l e t e s  t h e  v o l t  a g e - r e g u l a t i n g  lo o p ,  ( F i g .  l).
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1 .3  Scope o f  S t u d i e s
I n  t h e  p r e s e n t  d i s s e r t a t i o n  an a t t e m p t  h a s  b e e n  made to  
d e v e l o p  a g e n e r a l  b l o c k  d i a g r a m  r e p r e s e n t a t i o n  o f  t h e  b r u s h l e s s  e x c i t a ­
t i o n  s y s te m  when a p p l i e d  t o  v o l t a g e  r e g u l a t i n g  sys tem  s t u d i e s .  A s im p l e  
v o l t a g e  r e g u l a t o r  a r r a n g e m e n t  i s  b e i n g  c o n s i d e r e d  ( F i g .  2 ) .  The s y s te m  
• s t u d i e d  c o n s i s t s  o f  a s i n g l e  s y n c h ro n o u s  m ach ine  c o n n e c t e d  t o  an i n f i n i t e  
b u s  t h r o u g h  a t r a n s m i s s i o n  H n e .  The r e p r e s e n t a t i o n  w h ic h  i s  s u i t e d  p a r ­
t i c u l a r l y  t o  ^ a l o g u e  t y p e  c o m p u t a t i o n ,  i n c l u d e s  v a r i a b l e  s p e e d  o p e r a t i o n ,  
v a r i o u s  v a l u e s  o f  t r a n s m i s s i o n  l i n e  p a r a m e t e r s  and l e v e l s  o f  i n f i n i t e  bus  
v o l t a g e .  The e f f e c t  o f  s a T i e n c y  and damper  c i r c u i t s  i s  a l s o  c o n s i d e r e d .
1 . 4  P a c t o l u s
B e cause  o f  i n a d e q u a t e  f a c i l i t i e s  i n  a n a lo g u e  c o m p u t a t i o n ,  a 
d i g i t a l r g n a l p g  s i m u l a t o r  p rog ra m ,  commonly known as  ' P a c t o l u s '  h a s  been  
u s e d  on 1620 IBM d i g i t a l  c o m p u te r  t o  c a r r y  o u t  v a r i o u s  s t u d i e s .  T h i s  
p rog ra m  i s  w r i t t e n  i n  F o r t r a n  I I ,  s i m u l a t e s  a lm o s t  a l l  t h e  e l e m e n t s  o f  
e l e c t r o n i c  a n a lo g u e  c o m p u t e r .  Though t h i s  p rog ram  m a i n t a i n s  s i n g l e  p r e ­
c i s i o n ,  i t  l a c k s  i n  some r e s p e c t s  t h e  a n a lo g u e  c o m p u t e r .  The i n t e g r a t i o n  
i s  done by w e l l  known R u n g g -K u t t a  m ethod .  S i n c e  t h e  d i g i t a l  c o m p u te r  
works  on d i s c r e t e  p o i n t  b a s i s  t h e  p r o c e s s  o f  s o l v i n g  v a r i o u s  d i f f e r e n t i a l  
e q u a t i o n s  o f  t h e  s y n c h ro n o u s  m ach ine  h a v i n g  d i f f e r e n t  n o n - l i n e a r i t i e s  i n ­
v o l v e s  t im e  consuming j o b .  However t h e  method  a p p e a r e d  t o  be q u i t e  
f l e x i b l e .
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I I
FUNDAMENTAL MACHINE EQUATIONS
2 . 1  G e n e r a l
The f i r s t  s t e p  o f  t o d a y s  d e v e lopm en t  o f  g e n e r a l i z e d  t h e o r y  
was Qaken by B l o n d e l .  H i s  ' t w o - r e a c t i o n  t h e o r y '  o f  t h e  s t e a d y  s t a t e  
o p e r a t i o n  o f  t h e  s a l i e n t - p o l e  s y n c h ro n o u s  m ach ine  i s  r e c o g n i z e d  t o d a y  as  
one  o f  u n q u e s t i o n e d  c o m p e te n c e .  A c l a s s i c a l  a p p l i c a t i o n  o f  t h e  c o n c e p t  
i s  found  i n  t h e  s o - c a l l e d  P a r k ' s  e q u a t i o n s ,  which  d e s c r i b e  t h e  dynamic 
c h a r a c t e r i s t i c s  o f  sy n c h ro n o u s  m a c h in e .  The f u n d a m e n t a l  s e t  o f  e q u a t i o n s  
i s  d e r i v e d  f o r  an i d e a l i z e d  t w o - p o l e  m a c h i n e ,  which  i s  a p p r o x i m a t e l y  e q u i ­
v a l e n t  t o  t h e  a c t u a l  m a c h i n e ,  i n  a c c o r d a n c e  w i t h  c e r t a i n  w e l l - d e f i n e d  
a s s u m p t i o n s .
2 . 2  A ssum ptions
The g e n e r a l  t h e o r y  o f  e l e c t r i c  m a c h i n e s ,  a s  d e f i n e d  by
?2 lP a r k  '- i s  b a s e d  on c e r t a i n  a s s u m p t i o n s ,  i n  o r d e r  t o  i d e a l i z e  them f o r  
s t u d i e s .  The p r i n c i p a l  a s s u m p t io n s  a r e  t h a t  t h e r e  i s  no s a t u r a t i o n  and 
t h a t  s pace  h a rm o n i c s  i n  t h e  f l u x  wave may be n e g l e c t e d .  I n  a d d i t i o n  t h e  
f o l l o w i n g  g e n e r a l l y  a c c e p t e d  a s s u m p t io n s  have  been  c o n s i d e r e d .
i )  S y m m e t r i c a l  c o n d i t i o n s  e x i s t  on t h e  s y s t e m ,  i . e .  
z e r o  s e q u en c e  q u a n t i t i e s  a r e  z e r o .
i i )  P e r - u n i t  m u tu a l  i n d u c t a n c e s  f o r  a l l  t h e  c o i l s  on any 
one  a x i s  a r e  e q u a l .
i i i )  Damping c i r c u i t  i s  r e p r e s e n t e d  by a  s i n g l e  c o i l  on
e a c h  a x i s .
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F i g :  h Diagram o f  a  S ynchronous  Machine w i t h  two 
damper  c o i l s .
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2 . 3  P e r - U n i t  Sys tem
Very o f t e n ,  c o m p u t a t i o n s  r e l a t i n g  to  m a c h i n e s ,  t r a n s f o r m e r s ,
and sy s te m s  o f  m a c h in e s  a r e  c a r r i e d  o u t  i n  t h e  p e r - u n i t  fo rm ,  i . e .  w i t h
a l l  p e r t i n e n t  q u a n t i t i e s  e x p r e s s e d  as  d e c im a l  f r a c t i o n s  o f  a p p r o p r i a t e l y
c h o s e n  b a s e  v a l u e s .  At p r e s e n t  t h e r e  a r e  v a r i o u s  p e r - u n i t  s y s t e m s  i n
u s e .  A l l  t h e  e q u a t i o n s  and o t h e r  q u a n t i t i e s  i n  t h i s  t h e s i s  a r e  e x p r e s s e d
[31i n  p e r - u n i t  b a s i s  as  d e f i n e d  by Rankin^  .
Rank in  t e r m s  t h e  ' x  as  b a s e  i n  t h e  b a s e - c u r r e n t  r a t i o .  I nad
t h e  p r e s e n t  work t h a t  h a s  been  t a k e n  as  s t a n d a r d  b a s e .
2 . 4  S i g n  C o n v e n t io n
T h r o u g h o u t  t h e  w ork in g  o f  t h i s  t h e s i s ,  s i g n  c o n v e n t i o n  f o l l o w e d  
by Adk ins^^^  i s  b e i n g  u s e d .  As shown i n  F i g .  3 ,  a x i s  o f  t h e  c o i l  r e p r e ­
s e n t i n g  t h e  a r m a t u r e  p h a s e  A makes a n g le  0  i n  c o u n t e r - c l o c k w i s e  d i r e c t i o n
w i t h  d i r e c t  a x i s .  Only one  o f  t h e  two s a l i e n t  p o l e s  i s  i n d i c a t e d .  The 
s t a t o r  c a r r i e s  a  f i e l d  c o i l  F and damper c o i l s  KD and KQ. The a x i s  o f  
t h e  p o l e  on which  t h e  f i e l d  c o i l  F i s  wound i s  c a l l e d  t h e  d i r e c t - a x i s  o f  
t h e  m a c h in e ,  w h i l e  t h e  a x i s  90° away i n  c o u n t e r - c l o c k w i s e  d i r e c t i o n  i s  
c a l l e d  q u a d r a t u r e  a x i s  o f  t h e  m a c h in e .
The c o i l  v o l t a g e s  a r e  assumed p o s i t i v e  when i m p r e s s e d  on t h e  
c o i l s  f rom an e x t e r n a l  s o u r c e  and t h e  c u r r e n t s  a r e  m e a s u r e d  i n  t h e  same 
d i r e c t i o n  a s  d r i v i n g  p o s i t i v e  v o l t a g e .
P o s i t i v e  c u r r e n t  i s  assumed t o  p r o d u c e  p o s i t i v e  f l u x  i n  t h e  
d i r e c t i o n  a lo n g  t h e  a x i s  away f rom c e n t r e .  P o s i t i v e  e l e c t r i c  t o r q u e  i s  
o b t a i n e d  when m e c h a n i c a l  power i s  e n t e r i n g  i n t o  m ach ine  from o u t s i d e  a t  
a p o s i t i v e  s p e e d .  Thus g e n e r a t o r  a c t i o n  h a s  p o s i t i v e  m e c h a n i c a l  t o r q u e .
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2 . 5  Fundam en ta l  E q u a t i o n s
( a )  V o l t a g e  e q u a t i o n s
W ith  t h e  a s s u m p t i o n s  and t h e  s i g n  c o n v e n t i o n  c o n s i d e r e d  i n  
t h e  p r e v i o u s  s e c t i o n s  f u n d a m e n ta l  v o l t a g e  e q u a t i o n s  o f  t h e  s y n c h r o n o u s  
m ach ine  c a n  be  w r i t t e n  i n  t e rm s  o f  c o r r e s p o n d i n g  c u r r e n t s  and  f l u x  l i n k ­
a g e s .  By P a r k ' s  t r a n s f o r m a t i o n ^ ^ ^  t h e  t h r e e  p h a s e  v o l t a g e s  and t h r e e
p h a s e  c u r r e n t s  V i z .  e ,e .  , e  and i  , i , , l  a r e  t r a n s f o r m e d  t o  new f i c t i t i o u s  ^  a b c a b c
q u a n t i t i e s  e , , e  , e  , i ^ , i  , i  which  d i f f e r  f rom b u t  a r e  r e l a t e d  t o  t h e  ^ d^ q^ o ’ d q ’ o
a c t u a l  q u a n t i t i e s .  The f o l l o w i n g  e q u a t i o n s  a r e  o b t a i n e d ,  n e g l e c t i n g  
z e r o  s e q u en c e  q u a n t i t i e s  i n  v iew  o f  a s s u m p t io n  ( i )  S e c t i o n  2 . 2 .
=  p *  +  ( 1 )
Cq =  - v i ,  +  p*q  +  r ^ . i q  ( 2 )
( b )  E q u a t i o n s  o f  t h e  m ach ine  c o n n e c t e d  t o  a c o n s t a n t  s o u r c e
v o l t a g e
When a s y n c h r o n o u s  g e n e r a t o r  i s  c o n n e c t e d  t o  a s y s t e m  h a v in g  
c o n s t a n t  s u p p l y  v o l t a g e  t h e  l o a d  a n g le  5 comes i n t o  p i c t u r e .  The m ethod  
i n t r o d u c e s  a n g l e  5 by w h ic h  t h e  r o t o r  p o s i t i o n  l a g s  b e h i n d  t h e  p o s i t i o n  
i t  would have  d u r i n g  s y n c h ro n o u s  o p e r a t i o n  a t  n o - l o a d .  I n  o r d e r  t o  u n d e r ­
s t a n d  t h e  p h y s i c a l  meaning  o f  t h e  a n g le  8 i t  i s  n e c e s s a r y  t o  v i s u a l i z e  i n  
F i g .  3 an i m a g i n a r y  r e f e r e n c e  a x i s  r o t a t i n g  a t  s y n c h ro n o u s  s p e e d  (0^  and 
o c c u p y in g  t h e  p o s i t i o n  t h a t  p h a s e  À would  have  i f  m ach ine  r a n  s t e a d i l y  
w i t h  t h e  a r m a t u r e  w in d in g  c o n n e c t e d  t o  a c o n s t a n t  s u p p l y  s o u r c e  b u t  w i t h  
no c u r r e n t  i n  i t .  Under  s t e a d y  c o n d i t i o n s  5 i s  c o n s t a n t .  The v a l u e  o f  
a n g le  5 i s  p o s i t i v e  f o r  m o t o r i n g  and  n e g a t i v e  f o r  g e n e r a t i n g  a c t i o n ,  and
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z e r o  f o r  n o - l o a d  c o n d i t i o n .
The p o s i t i o n  6 ^  o f  t h e  r e f e r e n c e  a x i s  a t  any i n s t a n t  i s  g i v e n
by
Gp =  (3 )
and w i t h  a v a r y i n g  s p e e d  t h e  m ach ine  p o s i t i o n  i s
0 -  0^  -  S (4 )
The p h a s e  v o l t a g e  e ^  c a n  be  e x p r e s s e d  as
e =  E s i n w t  a  m o
=  E s i n ( 0 + 5 )  , ,
=  E s i n S * c o s 0  +  E c o s 5 * s i n 0  ( 5 )m m '  '
w here  E^ i s  t h e  maximum v a l u e  o f  f i x e d  s u p p l y  v o l t a g e .  By P a r k s  t r a n s ­
f o r m a t i o n  e can  be r e l a t e d  t o  e_ and e as  a d q
e =  e ,  COS0 +  e s i n 0  (6 )a d  q '  /
The v a l u e  o f  e ^  i n  Eqn.(5) and ( 6 )  m us t  be  same a t  e v e r y  t ,  h e n c e  com par ing
t h e  c o e f f i c i e n t s  o f  Èqn.  ( s )  and  ( 6 )  g i v e s
e =  E s i n S  ( ? )d m
6 =  E c o s 5  ( s )
q m
The s p e e d  i s  o b t a i n e d  by d i f f e r e n t i a t i n g  Eqn .  ( 4 )
V =  pS  ( 9 )
S u b s t i t u t i n g  t h e  v a l u e s  o f  t h e  above e q u a t i o n s  i n  Eqn.  ( l )  and  ( 2 ) t h e
m o d i f i e d  g e n e r a l  e q u a t i o n s  a r e  o b t a i n e d
e ,  =  E s i n S  =  p t ,  +  +  r  i ,  -  t  *p5 ( lO )d m ^ d o q a d  q ^
e =  E c o s S  -  - c # .  +  p^r +  r  i  +  ijj '-'pS ( l l )q m  ^ d * ^ q a q  d*^ ^





F i g ;  5 D i r e c t  a x i s .
F i g  ; 6  Q u a d r a t u r e  a x i s  
E q u i v a l e n t  c i r c u i t s  o f  a  s y n c h r o n o u s  Machine
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2 . 6  S i m p l i f i e d  E q u a t i o n s  o f  a Synch ronous  Machine w i t h  Two Damper C o i l s
F o r  t h e  s y n c h ro n o u s  m ach ine  p r o b le m  u n d e r  c o n s i d e r a t i o n  t h e  
e q u a t i o n s  u s e d  a r e  t h o s e  o f  s i m p l i f i e d  m ach ine  F i g .  4 w i t h  one  damper  
c o i l  KD on t h e  d i r e c t  a x i s  and one  damper c o i l  KQ on t h e  q u a d r a t u r e  a x i s .  
W i th  t h e  a s s u m p t i o n s  a l r e a d y  made i n  S e c t i o n  2 . 2  t h e  p r o b le m  becomes 
e a s i e r  t o  h a n d l e .  I t  i s  assumed t h a t  t h r e e  p e r - u n i t  m u tu a l  i n d u c t a n c e s  
on d i r e c t  a x i s  a r e  a l l  e q u a l .
The e q u a t i o n s  a r e
( i )  D i r e c t  a x i s  e q u a t i o n s :
+  ("m a +  (1 2 )
' f  “  ( ' f  + (&  + i f ) p )  I f  + 1-ma P ifca + i-ma P ‘ a ( “ )
"ka “  i-ma P h  + C'ka ■i(i'ma W  PCifca i-ma P ‘ a (1&)
( i i )  Q u a d r a t u r e  a x i s  e q u a t i o n s :
=  % - l k q  +  ( ^ q  +  l a )  \  ( 1 5 )
■=kq “  l : ' k q  + (l-mq + Ifcq) P) I k q  + \ q  P \  d®)
I n  p r a c t i c e  t h e  i m p r e s s e d  v o l t a g e s  e^ ^  and e ^ ^ ,  t h a t  o f  damper
. w i n d i n g s  KD and KQ a r e  a lm o s t  a lw ays  z e r o .
2 . 7  E q u i v a l e n t  C i r c u i t s
The e q u i v a l e n t  c i r c u i t s  a r e  o f  p a r t i c u l a r  i n t e r e s t  f rom t h e  
p o i n t  o f  v i ew  o f  d e v i s i n g  s u i t a b l e  s i m u l a t i n g  e q u ip m e n t .  F i g s .  5 and 6 
show two e q u i v a l e n t  c i r c u i t s ,  one  f o r  e a c h  a x i s  which  c a n  be u s e d  to  
a s s i s t  i n  t h e  a n a l y s i s  o f  t h e  s y n c h ro n o u s  m a c h i n e .  By s o l v i n g  t h e  n e t ­
work i n  F i g . 5,6 i t  i s  e v i d e n t  t h a t  t h e y  s a t i s f y  t h e  e q u a t i o n s  ( l 2 )  t h r o u g h
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( l 6 ) .  F u r t h e r  d e v e lo p m en t  i s  made i n  t h e  n e x t  c h a p t e r ,  f o r  a n a lo g u e  
r e p r e s e n t a t i o n .
2 . 8  The G e n e r a l  Torque  E q u a t i o n
At any i n s t a n t  t h e  t o r q u e  d e v e l o p e d  by t h e  m ach ine  depends  
on t h e  c u r r e n t  f l o w i n g  i n  t h e  w i n d i n g s .  The t o r q u e  d e v e l o p e d  by t h e  
i n t e r a c t i o n  b e tw e en  t h e  f l u x  and c u r r e n t  i s  c a l l e d  e l e c t r i c a l  t o r q u e .
The r o t a t i o n a l  v o l t a g e  t e r m s  and c o n t r i b u t e  t o w a r d s  t h e  e l e c t r i ­
c a l  power.  The e l e c t r i c a l  power i s
Pe =  “  [ ( r o t a t i o n a l  component  o f  e ^ )  x i ^ ]  +
[ ( r o t a t i o n a l  component  o f  e ) x i ^ ]
s u b s t i t u t i n g  f o r  t h e s e  components  f rom Eqn.  ( i ) X 2 )
PC =  #  I q )  ( U )
[21Hence p e r - u n i t  e l e c t r i c a l  t o r q u e  f  i s  g i v e n  by
0 ) (1)
£e =  - P '  f  =  f  S  -  ( 1 8 )
I f  f  ^ i s  t h e  i n s t a n t a n e o u s  a p p l i e d  t o r q u e ,  and J  ^  i s  t h e  a c c e l e r a t i n g  
[21t o r q u e  t h e n
a p p l i e d  t o r q u e  =  e l e c t r i c a l  t o r q u e  +  a c c e l e r a t i n g  t o r q u e
4  =  d ? )
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he nc e
^  - p ^ 5  (20 )
The u n i t  t o r q u e  i n  p e r - u n i t  s y s t e m s ,  i s  d e f i n e d  a s ^ ^ ^  t h e  t o r q u e  which  
p r o d u c e s  u n i t  power a t  t h e  n o m in a l  s p e e d  0)^. The moment o f  i n e r t i a  o f  
t h e  m a c h i n e ,  i n  p e r - u n i t  s y s t e m  i s  e x p r e s s e d  by i n e r t i a  c o n s t a n t  H, and 
d e f i n e d ^ ^ ^  by t h e  f o l l o w i n g  r e l a t i o n :
— S t o r e d  e n e r g y  a t  s y n c h ro n o u s  s p e e d  i n  K.W» s e c .
R a t e d  KVA
The i n e r t i a  c o n s t a n t  and t h e  moment o f  i n e r t i a  h a s  f o l l o w i n g  r e l a t i o n :
H =  Y J^ o  '  ( 2 1 )
Hence t h e  t o r q u e  e q u a t i o n  ( l 9 )  can  be s t a t e d  a s :
P t  ^  \  -  %  pq)  -  f  p ' s  ( 22 )
Repro(juc8(j with permission of the copyright owner. Further reproctuction prohibitect without permission.
I l l
RECTIFIER
3 . 1  G e n e r a l
Modern l a r g e  m a c h in e s  r e q u i r e  more e x c i t a t i o n  power  t h a n  c a n  
be  c o n v e n i e n t l y  h a n d l e d  by c o n v e n t i o n a l  d . c .  e x c i t e r s .  R e c t i f i e r s  p r o ­
v i d e  a s o l u t i o n  to  t h i s  p r o b le m ,  and g i v e  a f i e l d  s u p p l y  h a v i n g  g r e a t e r  
i n h e r e n t  r e l i a b i l i t y ,  f a s t e r  r e s p o n s e  i f  n e e d e d  and a u s e f u l  s a v i n g  o f  
s p a c e .  V a r i o u s  t y p e s  o f  r e c t i f i e r  c e l l s  a r e  a v a i l a b l e  b u t  m os t  commonly 
u s e d  f o r  f i e l d  e x c i t a t i o n  o f  r o t a t i n g  m ac h in es  a r e  p - n  t y p e  s i l i c o n  
r e c t i f i e r .  As shown i n  F i g .  7 t h e  a c t u a l  p - n  j u n c t i o n  a s se m b ly  i s  u s ­
u a l l y  a t t a c h e d  t o  c o p p e r  b a s e  on t h e  one s i d e  and t o  a f l e x i b l e  c o n n e c -  . 
t i o n  on t h e  o t h e r ,  u s i n g  s p e c i a l  h a r d  s o l d e r  w i t h o u t  f l u x ,  w i t h  t h e  i n ­
t e r p o s i t i o n  o f  a d i s c  o f  t u n g s t e n  o r  molybdenum on one  o r  b o t h  s i d e s .  
W i th o u t  t h e s e  l a t e r  f e a t u r e s  t h e  l a r g e  e x p a n s i o n  m ism a tc h  be tw e en  t h e
s i l i c o n  and t h e  c o p p e r  wou ld  soon  l e a d  to  a f a t i g u e  f a i l u r e  i n  c a s e  o f
F5lf r e q u e n t l y  f l u c t u a t i n g  l o a d .  ^
3 . 2  R e c t i f i e r  C i r c u i t  Theory  ^
R e c t i f i e r - c i r c u i t  t h e o r y  c o n s i s t s  e s s e n t i a l l y  i n  a s t u d y  o f  
p e r i o d i c a l l y  r e c u r r i n g  t r a n s i e n t s .  I n  o r d e r  t o  r e d u c e  t h e  p ro b le m  to  
i t s  s i m p l e s t  fo rm ,  i t  i s  c o n v e n i e n t  t o  make t h e  f o l l o w i n g  b a s i c  assump­
t i o n s .
( i )  The R e c t i f i e r  o u t p u t  i s  c o n s i d e r e d  t o  be  a p u r e  
d i r e c t  c u r r e n t ,  so t h a t  t h e  anode c u r r e n t s  a r e  t h e n  o f  r e c t a n g u l a r
14




p - t y p e  S i l i c o n
Gold ,Doped  w i t h
Antimony
Molybdneura
F i g .  7
S e c t i o n  o f  a T y p i c a l  
S i l i c o n  R e c t i f i e r  C e l l
B r i d g e  R e c t i f i e r  Assembly
Three  Phase 
A.C.  E x c i t e r
Main
G e n e r a t o r
F i e l d
F i g .  8
T hree  phase  B r i d g e  R e c t i f i e r  w i t h  
G e n e r a t o r  F i e l d  a s  a Load
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w a ve - fo rm .  ( F i g .  10)
( i i )  The a l t e r n a t i n g  s u p p l y  v o l t a g e  i s  assumed to  be 
s i n u s o i d a l  u n d e r  a l l  c o n d i t i o n s  o f  r e c t i f i e r  l o a d i n g .
( i i i )  Forward  v o l t a g e  d rop  and i n v e r s e  c u r r e n t  e f f e c t s
a r e  n e g l e c t e d .
( i v )  E f f e c t  o f  a . c .  e x c i t e r  r e a c t a n c e  i s  n e g l e c t e d .
The e s s e n t i a l  p r i n c i p l e s  o f  t h r e e - p h a s e  f u l l  wave r e c t i f i c a ­
t i o n  a r e  w e l l  i l l u s t r a t e d  by t h r e e - p h a s e  c i r c u i t  as  shown i n  F i g .  8 .  I f  
t h e  i n d u c t a n c e  i s  assumed to  be so l a r g e  t h a t  l o a d  c u r r e n t  i s  c o n s t a n t ,  
t h e  c u r r e n t  and v o l t a g e  r e l a t i o n s  a r e  as  i n  F i g s .  9 and 10. An anode 
b e g i n s  t o  c o n d u c t  as  soon as  i t s  v o l t a g e  becomes more p o s i t i v e  t h a n  t h a t  
o f  t h e  p r e c e d i n g  anode .  I n  t h i s  c a s e ,  e a c h  anode c o n d u c t s  f o r  o n e - s i x t h  
t h e  t i m e .  I t  i s  e v i d e n t  f rom t h e  v o l t a g e  wave t h a t  w i t h  t h i s  b r i d g e  r e c ­
t i f i e r  a r r a n g e m e n t  t h e  o u t p u t  v o l t a g e  wave fo rm  i s  f a i r l y  sm oo th .  Hence 
s m a l l e r  i n d u c t a n c e  would be r e q u i r e d  t o  m a i n t a i n  t h e  same s m o o th n e s s ’ o f  
c u r r e n t  t h a n  f o r  h a l f  wave r e c t i f i e r .  The r i p p l e  o f  t h e  o u t p u t  v o l t a g e  
i s  a b s o r b e d  by t h e  i n d u c t a n c e .
The i n p u t  t o  t h e  b r i d g e  r e c t i f i e r  i s  f rom t h e  a . c .  e x c i t e r  
and i t s  wave fo rm i s  shown i n  F i g . . 9» The o u t p u t  v o l t a g e  o f  a r e c t i f i e r  
b r i d g e  o f  s i x  anodes  may be  d e t e r m i n e d  by r e f e r r i n g  t o  F i g .  11.  I n  t h i s  
f i g u r e  e^  i s  t h e  a v e r a g e  v a l u e  o f  t h e  d . c .  o u t p u t  v o l t a g e  and e ^^  i s  t h e  
r . m . s .  v a l u e  o f  t h e  a . c .  e x c i t e r  p h a s e  A v o l t a g e .  The a v e r a g e  v a l u e  o f  
t h e  o u t p u t  v o l t a g e  is j -^^
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lEHSE
F i g .  9
T h r e e  Phase  V o l t a g e  W a v e ( ln p u t  t o  t h e  B r i d g e  R e c t i f i e r )
iii±iii±q.:i±L
F i g .  10
O u tp u t  C u r r e n t  R e l a t i o n  o f  t h e  B r i d g e ' R e c t i f i e r
rü: ;-s
tn-
Fig. .  11
Harmonic C o n t e n t s  o f  t h e  V o l t a g e  Wave
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~  r  / 2  e c o s c o f  dwtf  2% J ae
I f  % e  [si" n
(xf l
“  t r - 2 ' % e - s s " ?
^  " a e  s i "  6
Hence ,
e .  -  1 .3 5 0  e (23 )f  ae
3 . 3  V o l t a g e  H arm on ics^^^
The o u t p u t  v o l t a g e  o f  a r e c t i f i e r  c o n s i s t s  o f  a r i p p l e ,  w i t h  
a f r e q u e n c y  t h r e e  t i m e s  t h e  s u p p l y  f r e q u e n c y ,  s u p e r p o s e d  on a  s t e a d y  d - c  
v o l t a g e .  I n  p r e s e n t  a n a l y s i s  i t  i s  assumed t h a t  t h e  f r e q u e n c y  o f  t h e  
r i p p l e  i s  same as  t h e  s u p p l y  f r e q u e n c y .  The ha rm on ic  c o n t e n t  o f  an o u t ­
p u t  wave may be d e t e r m i n e d  by F o u r i e r  a n a l y s i s .  The h a rm o n ic  c o n t e n t  o f  
an o u t p u t  wave from i s  i l l u s t r a t e d  by F i g .  11.  The o u t p u t  v o l t a g e  o f  a
p -an o d e  r e c t i f i e r  may be e x p r e s s e d  by -
m
e ( 0 )  =  +  E (A^ cosmp0 +  s i n  mp9) (24 )
where  A^ i s  a v e r a g e  v a l u e  o f  o u t p u t  v o l t a g e  as  g i v e n  by e x p r e s s i o n  23.
A^ and B^, t h e  a m p l i t u d e s  o f  t h e  ha rm on ic  components  o f  t h e  o u t p u t  wave,  
a r e  g i v e n  by t h e  F o u r i e r  r e l a t i o n s
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+  p
A “  K J  e ( 0 )  C O S  n9  • s9  ( 25 )
I X
“  P
+  S  
P
B =  £• r e ( 0 )  s i n  n # '  d# (26 )
n  XX J
P
where  n =  mp, w i t h  m an i n t e g e r ,  i s  t h e  o r d e r  o f  t h e  h a rm o n ic  and
e ( 0 )  =  e vf2 c o s 9 ,  ae
The e v a l u a t i o n  o f  A and B g i v e sn  n
+  2 e
\  =  -  - y fn -1
B^ =  0 (2 8 )
T ak ing  t h i r d  ha rm on ic  i n t o  c o n s i d e r a t i o n  e x p r e s s i o n  (24 )  r e d u c e s  to
e ( 8 )  =  A^ +  0 . 2 5  e^ c o s  39 ( 2 9 )
S u b s t i t u t i n g  f o r  A^,
e ( e )  =  1 .35  e + 0 . 2 5  ( l . 3 5  e ) c o s  30 ae ae
=  1 .35  é +  0 . 3 3 7 5  e  c o s  30 ae ae
S i n c e  0 — cJt . ,
e ( 0 )  -  1 .35  e +  0 .3 3 7 5  e c o s  30)t ( 3 0 )ae ae , '
The o u t p u t  o f  t h e  b r i d g e  r e c t i f i e r ,  c o n s i d e r i n g  t h i r d  h a r m o n i c ,  i s
e ^  =  1 .35  e +  0 .3 3 7 5  e c o s  3 u t  (31 )f  ae ae '
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SIMULATION OF MACHINE EQUATIONS
4 . 1  D i g i t a l  Analog Program ^ ^^
P a c t o l u s  might ,  be  d e s c r i b e d  as  a  b l o c k - o r i e n t e d  i n t e r p r e t i v e
■ -i'
l a n g u a g e  w i t h  o n - l i n e  c o n t r o l  and i n p u t - o u t p u t  c a p a b i l i t i e s .  I t  was d e ­
v e l o p e d  u s i n g  F o r t r a n  I I - D  f o r  t h e  IBM 1620 w i t h  lOK memory.  C a rd  Read-  
Punch ,  1311 D i s k ,  and t h e  1627 P l o t t e r .  P a t c h b o a r d  w i r i n g  i s  a c c o m p l i s h e d  
v i a  t h e  t y p e w r i t e r  i n  a s im p l e  f o r m a t  and a l s o  v i a  punched  c a r d s .
The p rogram  i n c o r p o r a t e s  a l l  t h e  s t a n d a r d  a n a lo g  c o m p u te r  e l ­
em en ts  l i k e  summing a m p l i f i e r s ,  i n v e r t e r s ,  i n t e g r a t o r s ,  m u l t i p l i e r s ,  
r e l a y s ,  p l u s  many s p e c i a l  p u r p o s e  a n a l o g  c i r c u i t s .  The p rog ram  i s  p r e ­
s e n t l y  l i m i t e d  t o  maximum 75 e l e m e n t s .  No more t h a n  25 i n t e g r a t o r s  c a n  
be u s e d .
The s e c o n d - o r d e r  R u n g e - K u t ta  i n t e g r a t i o n  scheme u s e d  i n  
P a c t o l u s ,  p r o v i d e s  f a i r l y  a c c u r a t e  method  f o r  s o l v i n g  s i m u l t a n e o u s  d i f f e r ­
e n t i a l  e q u a t i o n s  o f  t h e  s y n c h ro n o u s  m a c h in e .  A r i t h m e t i c  i s  done  s i n g l e  
p r e c i s i o n  and f l o a t i n g  p o i n t  mode. S i n c e  t h e  d i g i t a l  c o m p u te r  i s  a s e r i a l  
d e v i c e ,  t h e  p rogram  i s  i n c a p a b l e  o f  h a n d l i n g  an a l g e b r a i c  l o o p .
4 . 2  A.C. E x c i t e r
The a . c .  e x c i t e r  may be  r e p r e s e n t e d  by a  s im p l e  t r a n s f e r  
f u n c t i o n  wh ich  i n c l u d e s  t h e  p r e d o m i n a n t  t im e  c o n s t a n t  o f  t h e  e x c i t e r  
f i e l d .  I t  t h e r e f o r e  i g n o r e s  a l l  s e l f  and m u tu a l  i n d u c t a n c e s  i n v o l v i n g
20
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t h e  a r m a t u r e  and r e f l e c t s  o n l y  t h e  open  c i r c u i t  t im e  c o n s t a n t .  The
t e r m i n a l  v o l t a g e  o f  t h e  e x c i t e r  i n  t h e  s t e a d y  s t a t e  i s  r e l a t e d  t o  t h e
T81f i e l d  v o l t a g e  by t h e  c o n s t a n t  g a i n  k ^ . ^
The p h a s e  A v o l t a g e  o f  t h e  a . c .  e x c i t e r  c a n  be r e l a t e d  t o  i t s  
f i e l d  v o l t a g e  as
k
e =  — —  e 
“  l+Tp
(33)
Eq.  ( 3 3 ) c a n  be  w r i t t e n  as
T p e + e — k * e  ^ ae ae V e
kv  1
p e =  —  ■' e_ -  — e (34 )^ ae T , f e  T ae
4 . 3  R e c t i f i e r
The o u t p u t  o f  t h e  f u l l - w a v e  r e c t i f i e r  c a n  be r e p r e s e n t e d  by
Eq.  ( 3 1 ) .  The t h i r d  ha rm on ic  c o s i n e  f u n c t i o n  i s  g e n e r a t e d  by c o s i n e
b l o c k  o f  t h e  P a c t o l u s  s u b r o u t i n e .
e ,  =  1 .35  e +  0 .3 3 7 5  e c o s  3wt (35 )f  ae  ae
4 . 4  S ync h ronous  G e n e r a t o r
The f o r m u l a t i o n  o f  t h e  m achine  e q u a t i o n  f o r  a n a l o g  r e p r e s e n t a ­
t i o n  can  be done by c o n s i d e r i n g  t h e  e q u i v a l e n t  c i r c u i t  as  shown i n  F i g s .  5 
and 6 o f  S e c t i o n  2 . 7 .
T r e a t i n g  pil^  ^ as  an a p p l i e d  v o l t a g e ,  t h e  d i r e c t  a x i s  e q u a t i o n s
a r e .
( a )  p i *  =  1% p I ,  +  p ( l a  +  i k a  +  i f )  ( 36 )
P i e = i f  P t - r ' p i k .  -L— P i f  (37 )
d d
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w here  L _ —L ' +  1 • a  md a
S i m i l a r l y ,
“ ' m  Ifca + ' k a  p ‘ ka  +  i-ma p [ l a  +  I f  +  W




p i k d  =  - ^ ;  i k d - ÿ  p
^ kd  ^md ^  ^kd
(39)
( c )  e^  r ^  +  1^ P i f  \ d  ^kd " ^kd P ^kd ^^O)
h e n c e
1 f f  . , f k a  . , ^kd
p i f - t p f - r i f + e  k a + e  p i k d  (4 1 )
S i m i l a r l y  t r e a t i n g  a s  an a p p l i e d  v o l t a g e  t h e  q u a d r a t u r e  a x i s  e q u a t i o n s
a r e .
(a) p t ^  =  l ,p  i ,  +  P ( 1 ,  +  i k q )  (42 )
h e n c e
p I q  °  L "  P*q -  P I k q  (4 3 )
q q
where  L =  L +  1 .q mq a  ■
(p) "kq “ ("kq 1 kq P) kq + kq P dq + kq)
h ence
e, =  0 k q
p k q  “  k q  -  P I q  ( 4 4 )
q q
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E q u a t i o n s  ( 3 7 ) ,  ( 3 9 ) ,  ( A l ) ,  ( 4 3 ) ,  and (44 )  n e e d  m a n i p u l a t i o n  to  a v o i d  t h e  
a l g e b r a i c  loop  w h ich  i s  i n a c c e p t a b l e  f o r  P a c t o l u s  r e p r e s e n t a t i o n .
E l i m i n a t i n g  p i ^  f rom Eq.  ( 3 9 ) ,  p i ^ ^  from Eq. ( 4 l )  and p i ^  
f rom Eq. ( 4 4 ) ,  f o l l o w i n g  e q u a t i o n s  a r e  o b t a i n e d
P k a  “  ■ k  k a  k  P k  - k  P'•'a (45)
p  i j  =  i j  +  '  “ a  P + a  ( 4 6 )
and
where
P k q  ~  ■ k  k q  -  3% P ^q  ( 4 ? )
r k d A k d
^ d ' ^ k d  
i j  _ ka
.  _  ^ d  ^ k d  ^ kd
^ ^ T ^ s z r
( ' k'ka)
, ^ma/ika l'a
S  -  c r —
m.
( i - i f ' k )
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( ï  - ' k l)
- k , .
d - i f - V
k = 7 ^ ,
( i  -
\
L
^ 2 ~  " L%
(1 -  - 2 4 )  
q
I n t e g r a t i n g  E q s .  ( 3 7 ) ,  ( 4 3 ) ,  ( 4 5 ) ,  ( 4 6 ) ,  ( 47 )  we o b t a i n  t h e  s e t  o f




i f  =  J  (m ^ .e ^  -  m ^ . i g  +  m ^ - i j^ ^ )d t  -  m^ (49 )
o
I k q  =  - k  /  k q - 4 4  '  ^2  * q  (^O)
o
k - f  k - ^  ka di)
d d d
I q  = f  % - r "  k q  d 2 )q q
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I n f i n i t e  
t u s - b a r
T r a n s m i s s i o n
l i n e
S i n  5 e dm
Synch ronous
Machine
F i g ;1 2  R e p r e s e n t a t i o n  o f  t r a n s m i s s i o n  l i n e  
and  i n f i n i t e  b u s - b a r .
2 0 9 9 9
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4 . 5  I n f i n i t e  Bus and T r a n s m i s s i o n  L i n e
T r a n s m i s s i o n  l i n e  o r  e x t e r n a l  r e a c t a n c e  b e tw e e n  m ach ine
f 9 lt e r m i n a l s  and t h e  i n f i n i t e  b u s - b a r  c a n  be r e p r e s e n t e d  by a r e s i s t a n c e
r^ and a r e a c t a n c e  as  shown i n  F i g .  12.  E q s .  ( l O ) ,  ( l l )  a r e  m o d i f i e d  
t o
«am =  Gm'S""S -  -  r ^ . i ^  =  p t ^  +  01^+^ -  t ^ p S  +  r ^ - i ^
( 5 3 )
e = E * c o s S + X . i  - r * i  =  w tji' +  pS +  pi|f +  r  *iqm m b d e q o d d q a q
(54 )
E q s .  ( 5 3 ) and (54 )  a r e  m o d i f i e d  f o r  P a c t o l u s  r e p r e s e n t a t i o n  to
pilr — E s i n S  -  w - F ' 4 * ' p 5 - ( r + r ) i  - X  *1 (55 )^ d m o q q^ a e '  d e  q  ^ '
p$" =  E c o s S  +  (0 tji -  l{j' pS - ( r  + r  ) i  + X  i  (56 )q m o d d*^  a  e '  q e d '  ^
The t e r m i n a l  v o l t a g e  o f  t h e  m ach ine  was r e c o r d e d  by s i m u l a t i n g  t h e
f o l l o w i n g  e q u a t i o n s :
e — E s i n S  -  X i  -  r  .1  (57 )dm m «  q e d '
e =  E c o s 5  + X  1_ -  r  . i  ( 58 )q m m  e d  e q
/ 2 , 2
e t  = /  ( ^dm ^gm) (5 9 )
2
( 60 )
4 . 6  Torque E q u a t i o n
From S e c t i o n  2 . 8 ,  Eq .  (2 2 )  c a n  be  r e a r r a n g e d  f o r  s i m u l a t i o n
a s  f o l l o w s
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Legena  o f  t h e  B lo c k  Diagram
Symbol  D e s c r i p t i o n
P,
e ,  ^1
e e =  P. o o 1
Summer
S i g n  I n v e r t e r *0 Gf  - - G i
M u l t i p l i e r
=0 Go -  = l ' * 2
R e la y
I n t e g r a t o r
S i n e
C o s i n e
H a l f  Power 
Time b a s e
B ) e  e =
%  %  “  +  = 2 0 ^ 3 ' ' 3 ' " : )
%  %  ■ _argum en t  i n  r a d i a n s
e e — c o s t  o o j.  ^ .a rgum en t  i n  r a d i a n s
e e — / e ,  s q u a r e  r o o t  o o 1
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4 . 7  Feedback  Loop
I n  t h e  s t u d y  o f  c l o s e d  loop  s y s t e m ,  t h e  t e r m i n a l  v o l t a g e  i s  
d ro p p ed  down by a p o t e n t i a l  t r a n s f o r m e r  and r e c t i f i e d  t o  g e t  v o l t a g e  o f  
s m a l l  m a g n i t u d e .  A l l  e f f e c t s  due t o  p o t e n t i a l  t r a n s f o r m e r  and r e c t i f i e r  
u n i t  a r e  n e g l e c t e d  and o n l y  s im p l e  t r a n s f o r m a t i o n  i s  a ssumed.  The r e f e r ­
enc e  v o l t a g e  e^jg i s  compared  w i t h  t h e  f e e d b a c k  s i g n a l ,  and t h e  d i f f e r e n c e  
i n  t h e  fo rm o f  an e r r o r  i s  f e d  t o  t h e  a . c .  e x c i t e r  f i e l d .  The e x c i t e r
i n p u t  v o l t a g e  e i s  r e l a t e d  as  ae
é =  e ,  +  e ae  r f  -  e r
4 . 8  S o l u t i o n  by D i g i t a l - A n a l o g  S i m u l a t o r  Program
F i g .  13 shows t h e  b l o c k  d i a g r a m  f o r  t h e  s i m u l t a n e o u s  s o l u t i o n s
o f  E q s .  ( 3 4 ) ,  ( 3 5 ) ,  ( 4 8 ) ,  ( 4 9 ) ,  ( 5 0 ) ,  ( 5 l ) ,  ( 5 2 ) ,  (55), ( 5 6 ) ,  ( 5 7 ) ,  ( 5 8 ) , ( 6 l ) ,
( 5 9 ) ,  (60 )  on IBM 1620 d i g i t a l  c o m p u t e r .  A l l  f a c t o r s  s u c h  as  s c a l e s ,  s i g n ,
p a r a m e t e r s ,  e t c . ,  a r e  o m i t t e d  f o r  s i m p l i c i t y  o f  t h e  d i a g r a m .  The s t u d i e s
p e r f o r m e d  and t h e  r e s u l t s  a r e  m e n t io n e d  i n  t h e  n e x t  c h a p t e r .
r 97The m ach ine  p a r a m e t e r s  a r e  g i v e n  i n  Appendix  I  . No e x p e r i ­
m e n t a l  v e r i f i c a t i o n  i s  done w h ich  makes t h i s  t h e s i s  a  p u r e l y  t h e o r e t i c a l  
o n e .
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VDISCUSSION OF THE RESULTS
5 . 1  O p e r a t i n g  P r o c e d u r e
The s i m u l a t i o n  c o n f i g u r a t i o n  i s  t h e  s p e c i f i c a t i o n  o f  t h e  
i n t e r c o n n e c t i o n  o f  t h e  com put ing  b l o c k s ,  where  ea ch  b l o c k  i s  one  o f  t h e  
s t a n d a r d  s e t  o f  ' P a c t o l u s '  e l e m e n t s .  F i g .  13 shows t h e  c o m p l e t e  s i m u l a ­
t i o n  d i a g r a m  f o r  s o l u t i o n  o f  a s e t  o f  s i m u l t a n e o u s  d i f f e r e n t i a l  e q u a t i o n s ,  
a s  s t a t e d  i n  S e c t i o n  4 . 8 .  The i n t e g r a t i o n  i n t e r v a l  o f  0 . 0 0 1  s e c .  was 
f ound  to  g i v e  enough a c c u r a c y  and h ence  i t  was m a i n t a i n e d  t h r o u g h o u t  t h e  
c o u r s e  o f  d i f f e r e n t  s t u d i e s .  A r e l a y  was i n t r o d u c e d  a t  0 . 4  s e c . ,  t o  
c r e a t e  t h e  n e c e s s a r y  c o n d i t i o n  ( F i g .  1 4 ) .  I n  t h e  f o l l o w i n g  s e c t i o n s  v a r ­
i o u s  s t u d i e s  p e r f o r m e d  on t h e  s y s te m  w i l l  be d i s c u s s e d .
5 . 2  S t e p  Change T e s t
I n  t h i s  s e c t i o n  v o l t a g e  r e s p o n s e  o f  t h e  s y n c h ro n o u s  g e n e r a t o r  
c o n n e c t e d  t o  an i n f i n i t e  b u s - b a r  t h r o u g h  a t r a n s m i s s i o n  l i n e ,  t o  s t e p  
c hange  i n  t h e  r e f e r e n c e  s e t t i n g  i s  exam ined .  The s t e p  demand i s  s a t i s ­
f i e d  by q u i c k  r e s p o n s e  i n  t e r m i n a l  v o l t a g e  e ^ ,  i n  l e s s  t h a n  1 .5  s e c .  The 
d ro p  i n  l o a d  c u r r e n t  1 ^ ,  and l o a d  a n g l e  S i s  o b v i o u s .  The f i e l d  c u r r e n t  
a l s o  r i s e s  i n  o r d e r  t o  m ee t  t h e  r e q u i r e m e n t  o f  t h e  h i g h e r  v o l t a g e  l e v e l .  
S i n c e  t h e  g e n e r a t o r  i s  c o n n e c t e d  to  a c o n s t a n t  v o l t a g e  s o u r c e  t h e  r i s e  
w i l l  a lw ays  be l e s s  t h a n  u n i t y .  Cood s t e a d y  s t a t e  a g r e e m e n t s  be tw e en  
s t a t o r  v o l t a g e ,  c u r r e n t  and r o t o r  a n g l e  show t h a t  t h e  method  u s e d  i s  
s a t i s f a c t o r y .  I t  i s  shown i n  F i g .  1 5 ,1 6 .
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5 , 3  Load R e j e c t i o n  and A c c e p ta n c e  T e s t
i n  ppmplex power s y s te m  n e tw o rk  t h e  g e n e r a t o r  i s  s u b j e c t e d  
to. v a r i o u s  t y p e s  p f  l o a d i n g  c o n d i t i o n s .  The e x t r e m e  c a s e s  t h a t  g e n e r a t o r  
h a s  t p  f p c e  would  be sudden  r e j e c t i o n  o f  l o a d  t o  z e r o .  The g e n e r a t o r  i n  
phe p r e s e n t  s t u d y  i s  c o n n e c t e d  to  a i n f i n i t e  b u s ,  t h r o u g h  a t r a n s m i s s i o n  
l i .ne  r p a e t a n c g ,  The l o a d  r e j e c t i o n  c o n d i t i o n  i s  i n i t i a t e d  by r e d u c i n g
l u r b i n e  gp rgue  f  t o  z e r o .  A momentary d rop  i n  t e r m i n a l  v o l t a g e  a d j u s t e d
 ........... " '  e '
i t s e l f  by y o l t a g e  r e g u l a t o r  a c t i o n  to  i t s  o r i g i n a l  v a l u e  i n  l e s s  t h a n  a 
s e p p n d ,  § t h e r  g u g n t i t i e s  such  as  l i n e  c u r r e n t  and l o a d  a n g l e  d r o p p e d  
# w n  gs e x p e c t g d ,  ( F i g .  17 ,18 )
I p  gh§ n e x t  c a s e ,  g e n e r a t o r  r u n n i n g  i n  s t e a d y  s t a t e  c o n d i t i o n  
^ g s  g u b j e c t g d  t p  sudden  i n c r e a s e  i n  l o a d  by making  f^  =  2 . 0 0  p . u . .  A
g rp p  p f  g,125% was o b s e r v e d  i n  t e r m i n a l  v o l t a g e  which  i s  s u p p o s e d  t o  be 
g gppd r g g u l g t i p n  c h a r a c t e r i s t i c s .  The l o a d  a n g l e  and c u r r e n t  i n c r e a s e d  
g r g d u g i i y  s t a b i l i z i n g  t h e  s y s te m  i n  l e s s  t h a n  2 s e c o n d s .  ( F i g .  19 ,20 )
5 , 4  P a i n  I n c r e a s e m e n t
fhg  i n c r e a s e  i n  e x c i t e r  g a i n  i n c r e a s e s  t h e  o u t p u t  v o l t a g e  o f  
t h e  s y n c h ro n p u s  g e n e r a t o r .  I n  t h e  f i r s t  c a s e  ( R g .21,22) t h e  g a i n  i s  i n ­
c r e a s e d  by 25^ o f  t h e  o r i g i n a l  v a l u e  and an a p p ro x i m a t e  i n c r e a s e  o f  0 . 2 5 ^  
o f  t h g  o r i g i n a l  v a l u e  i n  t e r m i n a l  v o l t a g e  was o b s e r v e d .  The c o r r e s p o n d i n g  
i n c r g a s e  i n  f i g l d  c u r r e n t  i s  fo u n d .  The l o a d  a n g le  5 r e d u c e s  b e c a u s e  o f  
t h e  i n c r e a s g  i n  b p t h  t h e  e x c i t a t i o n  v o l t a g e  and t e r m i n a l  v o l t a g e  o f  t h e  
m a c h in e .  Load c u r r e n t  d e c r e a s e s  t o  c om pe nsa te  f o r  t h e  i n c r e a s e  i n  t h e  
t e r m i n a l  v o l t a g e  a t  c o n s t a n t  power o u t p u t .
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I n  s eco n d  c a s e  (Kg.23;24) t h e  g a i n  o f  t h e  e x c i t e r  i s  i n c r e a s e d  
by 50^ o f  i t s  o r i g i n a l  v a l u e .  I t  i s  v e r y  i n t e r e s t i n g  t o  n o t e  t h a t  f i e l d  
c u r r e n t  i ^  i n c r e a s e s  t o  41^ o f  i t s  o r i g i n a l  v a l u e ,  w h i l e  i n  f i r s t  c a s e  
t h i s  i s  ly jo . Though t h e  s y s te m  i s  n o n l i n e a r ,  t h e  r e s p o n s e  a p p e a r s  t o  be 
a l i n e a r  o n e .  O t h e r  q u a n t i t i e s  v a r y  e x a c t l y  l i k e  i n  c a s e  1.
The demand o f  h i g h e r  o p e r a t i n g  v o l t a g e  may t h u s  be s a t i s f i e d  
i n  f a i r l y  s h o r t  p e r i o d  o f  t i m e .
5 . 5  N e g l e c t i n g  t h e  T h i r d  Harmonic
The t h i r d  ha rm on ic  component  b e i n g  i n j e c t e d  i n t o  t h e  a v e r a g e  
v a l u e  o f  t h e  r e c t i f i e r  o u t p u t  was removed to  o b s e r v e  t h e  p o s s i b l e  d i s c r e p ­
ancy i n  t h e  r e s u l t s .  The t h i r d  ha rm on ic  component  b e i n g  v e r y  s m a l l  no 
a p p r e c i a b l e  c hange  was o b s e r v e d  i n  e ^ ,  i ^ ,  i ^  and 5 ,  he n c e  no r e s u l t s  a r e  
p l o t t e d .
5 . 6  Response  t o  a Sm all  S i n u s o i d a l  S i g n a l
A s m a l l  s i n u s o i d a l  s i g n a l  h a v in g  f r e q u e n c y  2 c . p . s .  and 
m ag n i tu d e  10^ t h a t  o f  t e r m i n a l  v o l t a g e  was i n j e c t e d  a t  t h e  r e f e r e n c e .  A l l  
q u a n t i t i e s  e x c e p t  l o a d  a n g l e  were  f o u n d  to  be v a r y i n g  s i n u s o i d a l l y  i n  t h e i r  
a v e r a g e  v a l u e  w h ich  a r e  u s u a l l y  s t e a d y  i n  n a t u r e .  However  a v e r y  s m a l l  
o s c i l l a t i n g  c hange  was o b s e r v e d  i n  l o a d  a n g le  m a g n i t u d e .  ( F i g .  2 5 ,2 6 )
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CONCLUSION AND RECOMMENDATIONS
6 . 1  C o n c l u s i o n
The b l o c k - d i a g r a m  r e p r e s e n t a t i o n  as  g i v e n  i n  F i g .  13., y i e l d s  
t h e  n e c e s s a r y  i n f o r m a t i o n  to  s p e c i f y  t h e  g e n e r a t o r  c o n n e c t e d  to  i n f i n i t e  
b u s  t h r o u g h  t r a n s m i s s i o n  l i n e ,  f rom a r e g u l a t i o n  s t a n d p o i n t  o f  v iew .  
S t u d i e s  have  b e e n  s a t i s f a c t o r i l y  c o m p l e t e d  on e l e c t r o n i c  a n a lo g  c o m p u te r  
i n  t h e  p a s t  b u t  t h e  u s e  o f  d i g i t a l - a n a l o g  t e c h n i q u e  have  a l s o  j u s t i f i e d  
t h e  r e s u l t s  i n  t h e  p r e s e n t  work .  A p h y s i c a l  i n s i g h t  i n t o  t h e  dynamics  
o f  t h e  mach ine  i s  g i v e n  by s u c h  r e p r e s e n t a t i o n  which  p r e s e r v e s  t h e  i d e n ­
t i t y  o f  t h e  p h y s i c a l  v a r i a b l e s  and u s e s  p a r a m e t e r s  w h ich  a r e  a v a i l a b l e  
f rom t e s t  o r  d e s i g n  d a t a .  The i m p o r t a n t  a d v a n ta g e  i n  t h i s  f o r m u l a t i o n  
o f  t h e  dynamics  o f  t h e  b r u s h l e s s  s y n c h ro n o u s  g e n e r a t o r ,  i s  t h a t  t h e  
b l o c k  d i ag ra m  o f  t h e  m achine  c a n  be  combined e a s i l y  w i t h  t h e  b l o c k  d i a ­
gram r e p r e s e n t a t i o n s  o f  o t h e r  s y s te m  c om ponen t s .
6 . 2  Recommendat ions
T he re  c o u l d  be v a r i o u s  ways t o  make t h e  r e p r e s e n t a t i o n  as  
a c c u r a t e  as  p o s s i b l e .  The e f f e c t  o f  s a t u r a t i o n  b e i n g  n e g l e c t e d  c a n  be 
i n c l u d e d .  L i m i t e d  number o f  b l o c k s  (75 )  t h a t  c a n  be u s e d  a t  a t i m e ,  
c o m p e l l e d  t h a t  t h e  e f f e c t  o f  c e r t a i n  f a c t o r s  be n e g l e c t e d .  The e x c i t e r ,  
f o r  example c o u l d  have  b e e n  r e p r e s e n t e d  by f u l l y  d e v e l o p i n g  t h e  m ach ine  
e q u a t i o n  i n s t e a d  o f  c o n s i d e r i n g  t h e  s im p l e  t r a n s f e r  f u n c t i o n .  The r e c t i ­
f i e r  on t h e  o t h e r  hand  i s  c o n s i d e r e d  s im p ly  a d e v i c e  w h ic h  g i v e s  a v e r a g e
45
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v a l u e  o f  t h e  r e c t i f i e d  v a o l t a g e .  I t  c o u l d  have  been  more i n t e r e s t i n g  to  
c o n s i d e r  an e x a c t  r e p r e s e n t a t i o n  o f  t h e  r e c t i f i e r ,  a s  a  s w i t c h i n g  d e v i c e .
A d i f f i c u l t y  was e x p e r i e n c e d  to  r e l a t e  t h e  f i e l d  c u r r e n t  o f  t h e  main  
g e n e r a t o r  t o  t h e  l i n e  c u r r e n t  o f  t h e  e x c i t e r  l o o k i n g  t h r o u g h  t h e  r e c t i f i e r .
The P a c t o l u s  w r i t t e n  f o r  IBM 1620 c o m p u t e r ,  which  i s  i n h e r ­
e n t l y  s l o w e r  t h a n  o t h e r  members o f  i t s  f a m i l y  i s  b e i n g  r e p l a c e d  by more 
f a s t e r  package  p rogram s  l i k e  Midas and many o t h e r s .  The same r e s u l t s  a r e  
a c h i e v e d  by IBM 360 o r  IBM 7040 c o m p u t e r s  a t  much f a s t e r  r a t e .
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APPENDIX I  
Machine D a ta
1) A.C. E x c i t e r
T =  0 , 5  sec  
'  k  =  0 .0 0 4 4 6
V
2 ) Synch ronous  Machine 
L a m in a te d  r o t o r  m ic r o -m a c h i n e
s t a t o r  No. 334819
r o t o r  No. 334818
Base Q u a n t i t i e s
v o l t a m p e r e 1525 VA
v o l t a g e  ( p e r  p h a s e ) 127 v o l t s
c u r r e n t  ( p e r  p h a s e ) 4 amps
impedence 3 1 .7 5  ohms
f i e l d  c u r r e n t 0 .5 1 9  amps
s y n c h ro n o u s  sp e ed 314 r a d . / s e c
s u p p l y  f r e q u e n c y 50 c p s
P a r a m e t e r s
A l l  q u a n t i t i e s  a r e  i n p e r - u n i t  u n i e s ;
r a . 0 .0 0 7
’^ f 0 .0 0 4 4 6
. I f 0 .0 0 0 6 7 7
1 0 .0 0 0 3 1a
^kd 0 .000122
47




L 0 .0 0268
rad
L 0 .0 0 1 5raq
0 .0 1 4 6 3
kd
0 .0 1 7 6
\ q
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